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Satellite NG2 Progenitor Cells Share Common Glutamatergic
Inputs with Associated Interneurons in the Mouse Dentate
Gyrus
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Several studies have provided evidence that NG2-expressing (NG2 �) progenitor cells are anatomically associated to neurons in gray
matter areas. By analyzing the spatial distribution of NG2 � cells in the hilus of the mouse dentate gyrus, we demonstrate that NG2 � cells
are indeed closely associated to interneurons. To define whether this anatomical proximity reflected a specific physiological interaction,
we performed patch-clamp recordings on hilar NG2 � cells and interneurons between 3 and 21 postnatal days. We first observed that hilar
NG2 � cells exhibit spontaneous glutamatergic EPSCs (sEPSCs) whose frequency and amplitude increase during the first 3 postnatal
weeks. At the same time, the rise time and decay time of sEPSCs significantly decreased, suggesting that glutamatergic synapses in NG2 �

cells undergo a maturation process that is reminiscent of what has been reported in neurons during the same time period. We also
observed that hilar interneurons and associated NG2 � cells are similarly integrated into the local network, receiving excitatory inputs
from both granule cells and CA3 pyramidal neurons. By performing pair recordings, we found that bursts of activity induced by GABAer-
gic antagonists were strongly synchronized between both cell types and that the amplitude of these bursts was positively correlated.
Finally, by applying carbachol to increase EPSC activity, we observed that closely apposed cells were more likely to exhibit synchronized
EPSCs than cells separated by �200 �m. The finding that NG2 � cells are sensing patterns of activity arising in closely associated neurons
suggests that NG2 � cell function is finely regulated by the local network.
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Introduction
Glutamatergic synapses have been reported on both gray and
white matter NG2-expressing progenitor cells (NG2� cells)
(Bergles et al., 2000; Lin et al., 2005; Kukley et al., 2007; Ziskin et
al., 2007), but their functional significance remains elusive. Sus-
tained activation of AMPA receptors (AMPARs) has been shown
to decrease NG2� cell proliferation in vitro and prevent their
differentiation into mature oligodendrocytes (Gallo et al., 1996).
Endogenous glutamate levels are sufficient to inhibit prolifera-
tion and lineage progression of NG2� cells in cerebellar slice
cultures in 1-week-old mice (Yuan et al., 1998). However, the fact
that white matter NG2� cells are still able to differentiate into

oligodendrocytes while receiving glutamatergic contacts (Kukley
et al., 2007; Ziskin et al., 2007) suggests that the physiological
function of these synapses is probably more complex and diverse
than a mere proliferation/differentiation switch. To address the
potential function(s) of these synapses, it is thus important to
determine the extent to which NG2� progenitor cells are func-
tionally integrated into their local network.

In the cerebral cortex and hippocampus, NG2� cells are fre-
quently found closely apposed to neuronal cell bodies and den-
drites (Butt et al., 2005; Dayer et al., 2005; Lin et al., 2005). Al-
though the extent of this relationship has not been clearly
quantified, such anatomical proximity could reflect a specific
physiological interaction between NG2� cells and associated
neurons. The purpose of the present study was to first demon-
strate by a quantitative method the anatomical association of
NG2 cells to neurons and then determine its functional signifi-
cance. In particular, we investigated the relationship existing be-
tween hippocampal GABAergic interneurons and local NG2�

cells (Belachew et al., 2003; Aguirre et al., 2004). To simulta-
neously identify NG2� progenitor cells and GABAergic inter-
neurons in hippocampal slices, we used the 2�,3�-cyclic nucleo-
tide 3�-phosphodiesterase– enhanced green fluorescent protein
(CNP-EGFP) transgenic mouse strain previously developed in
our laboratory (Yuan et al., 1998; Belachew et al., 2002). In this
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mouse, NG2� cells can be readily identified based on their higher
levels of EGFP fluorescence (Chittajallu et al., 2004, 2005), their
unique stellate morphology, and their electrophysiological mem-
brane properties (Chittajallu et al., 2004). Conversely, in the same
mouse strain, a subpopulation of interneurons express lower lev-
els of EGFP and all the electrophysiological features typical of
GABAergic interneurons (Belachew et al., 2003; Aguirre et al.,
2004; Chittajallu et al., 2007). Therefore, this transgenic mouse
strain enabled us to identify NG2� progenitors and GABAergic
interneurons, and to perform simultaneous electrophysiological
recordings from these cells in the hilus of the dentate gyrus.

In the present study, we demonstrate that hilar NG2� cells are
closer to interneurons than expected by random distribution and
that both cell types receive inputs from the same populations of
excitatory neurons. More importantly, we provide evidence that
the anatomical proximity of NG2� cells to interneurons renders
them more likely to share inputs from the same presynaptic
neurons.

Materials and Methods
Materials
The generation of the CNP-EGFP mouse used throughout this study has
been described previously (Yuan et al., 2002). Two separate CNP-EGFP
transgenic lines were used (C1 and D1), and data were pooled, because
no differences were noted between the two. Animal procedures complied
with guidelines of the National Institutes of Health and Children’s Re-
search Institute. All chemical reagents and drugs were from Sigma-
Aldrich, unless otherwise stated; CNQX, lidocaine N-ethyl chloride (QX-
314), gabazine (SR 95531), and (2S,2�R,3�R)-2-(2�,3�-dicarboxycyclo-
propyl)glycine (DCG-IV) were from Tocris Bioscience; latrotoxin was
from Alomone Labs. Primary antibodies used in the study and their
working dilutions are as follows: anti-NG2 (rabbit; 1:500), anti-NeuN
(mouse; 1:1000), anti-GAD65/67 (rabbit; 1:1000), and anti-somatostatin
(rabbit; 1:200) (all from Millipore Bioscience Research Reagents). All
secondary antibodies were from Jackson ImmunoResearch Laboratories
and were used at a dilution of 1:200.

Electrophysiology
Slice preparation. CNP-EGFP mice from postnatal day 3 (P3) to P21 were
anesthetized with isoflurane and decapitated, and their brains were re-
moved. Brain hemispheres were rapidly dissected on ice and cut into
300-�m-thick horizontal sections on a Leica VT1000S vibratome, and
then placed in an ice-cold oxygenated solution consisting of the follow-
ing (in mM): 87 NaCl, 2.5 KCl, 1.25 NaH2PO4, 7 MgCl2, 0.5 CaCl2, 25
NaHCO3, 25 glucose, 75 sucrose, 347 mOsm at pH 7.4. Slices were stored
in the same solution at 35°C for 30 min, and then transferred into artifi-
cial CSF (ACSF) of the following composition (in mM): 124 NaCl, 3 KCl,
2.5 CaCl2, 1.3 MgSO4, 26 NaHCO3, 1.25 NaHPO4, 15 glucose, saturated
with 95% O2/5% CO2 at room temperature (20 –25°C).

Patch-clamp recordings. Slices were transferred to a recording chamber
and perfused with ACSF at a rate of 1–2 ml � s �1. EGFP � cells were
identified as described previously (Chittajallu et al., 2004, 2007). The
present study targeted faint EGFP � interneurons and associated (“satel-
lite”) bright EGFP �NG2 � cells in the hilus of the dentate gyrus (see Fig.
1). Patch electrodes had resistances between 3 and 6 M� when usually
filled with an intracellular solution of the following composition (in
mM): 130 K-gluconate, 10 NaCl, 2 Mg-ATP, 0.3 Na-GTP, 10 HEPES, 0.6
EGTA, and biocytin (5 mg/ml), solution adjusted to pH 7.2, 275 mOsm
(junction potential, 13 mV). Specific experiments in voltage-clamp
mode (see Fig. 8; supplemental Figs. 4 and 6, available at www.
jneurosci.org as supplemental material) used an intracellular solution
comprised of the following (in mM): 135 CsMeSO3, 8 NaCl, 4 Mg-ATP,
0.3 Na-GTP, 0.6 EGTA, 10 HEPES, 5 QX-314, 5 mg/ml biocytin, pH
adjusted to 7.3 with CsOH (junction potential, 14 mV). In the experi-
ments analyzing glutamatergic activity synchronization during
carbachol-induced theta oscillations (see Fig. 7), we used a specific inter-
nal solution containing the following (in mM): 130 CsMeSO3, 1 NaCl, 4
Mg-ATP, 0.4 Na-GTP, 10 EGTA, 10 HEPES, 5 QX-314-Cl, 5 mg/ml

biocytin, pH adjusted to 7.3 with CsOH (junction potential, 14 mV).
This solution allows discrimination of excitatory and inhibitory activity,
giving far reversal potentials for EPSCs (0 mV) and IPSCs (�80 mV). By
recording the cells at �60/�80 mV, EPSCs appeared as inward currents,
whereas IPSCs are barely detectable or undetectable. The same internal
solution was used to record GABAergic activity in satellite NG2 � cells
(sNG2 � cells) (Vh � 0 mV) (see Fig. 5). Whole-cell recordings were
obtained using a Multiclamp 700B or an Axopatch 200B amplifier (both
from Molecular Devices) and recordings were monitored via a PC run-
ning pClamp 9.2 (Molecular Devices). Field potential recordings were
obtained using a glass electrode (tip resistance � 0.5 M�) filled with
ACSF and connected to a Multiclamp 700B amplifier. Each of the differ-
ent drugs was applied via the bath solution. Off-line analysis was per-
formed using Clampfit 9.2 (Molecular Devices) and Mini Analysis (Syn-
aptosoft). In all experiments, data were filtered at 10 kHz during
capacitance compensation and 5 kHz during subsequent data recording.
The traces were digitized at 10 kHz. All voltage measurements and steps
were corrected for a junction potential offset.

Stimulation of neuronal fibers. The granule cell layer (GCL) and CA3
region of the hippocampal slices were stimulated with small bipolar elec-
trodes (FHC) or, alternatively, with ACSF-filled, low-resistance (�1
M�), silver-painted electrodes to optimize the PSC recordings. Pulse
sequences were generated using pClamp 9.2 (Molecular Devices) and
applied with a constant current stimulus isolator (DS3; Digitimer). The
stimuli used to elicit evoked EPSC varied between 10 and 500 �A in
intensity and were 100 �s in duration. When stimulating the GCL, we
usually used an isolated dentate gyrus slice to prevent activity from CA3
recurrent collaterals. In this, the dentate gyrus (hilus, GCL, and molecu-
lar layer) was dissected out from the hippocampal slice. Otherwise, we
used whole hippocampal slices in which the whole hippocampus (den-
tate gyrus, CA3, CA2, CA1) was kept intact. The cells were usually voltage
clamped at �80 mV (bright EGFP� cells) or �60 mV (interneurons). Be-
fore whole-cell recording, whole-cell capacitances and series resistances were
compensated. Uncompensated series resistance values ranged from 6 to 19
M�, and average series resistances did not differ significantly between com-
parison cell groups ( p � 0.05, Mann–Whitney U test).

Immunocytochemistry and confocal microscopy
Single biocytin-filled, recorded EGFP � cells were visualized and under-
went subsequent immunocytochemical characterization with anti-NG2,
as described previously (Chittajallu et al., 2004). For immunocytochem-
istry in tissue sections, P14 CNP-EGFP mice were anesthetized with
isoflurane and intracardially perfused with fixative (4% paraformalde-
hyde), and their brains were removed. Coronal tissue sections (30 – 40
�m) were prepared using a cryostat (Microm) and immunostained as
described previously (Belachew et al., 2003). Images were acquired using
a Carl Zeiss LSM 510 (Carl Zeiss). For all images, z-sections and z-steps
ranged between 2 and 3 �m, respectively. Images were subsequently
processed using LSM Image Examiner (Carl Zeiss), NIH ImageJ, or
Adobe Photoshop/Illustrator (Adobe Systems).

To measure distances between NG2 � cell and the closest neuron, we
analyzed two to three sections obtained at the same rostrocaudal level in
each animal (three animals). For each section, a z-stack of 200 	 200 	
50 �m was analyzed (z-step, 2 �m). We manually pointed the center of
each hilar NG2 �EGFP � cell, NeuN �CNP-EGFP � neuron, and
NeuN �CNP-EGFP-negative neuron to obtain the coordinate of each
cell (Cell-counter plugin in the ImageJ software). We measured the total
volume analyzed and counted the number of 4�,6�-diamidino-2-
phenylindole-positive (DAPI �) nuclei in this volume, to calculate the
average density of each cell type and its relative frequency (see Fig. 1 L). In
hilar neurons, the nucleus, identified by NeuN immunostaining, was
usually located at the center of the soma. Therefore, in neurons, nuclear
and somatic center were considered equivalent. NG2 cells can display a
more irregular morphology (see Fig. 1 I) and their nucleus is not consis-
tently found at the center of the soma. Because we were interested in
measuring the relative proximity between somas of NG2 cells and neu-
rons, we identified the center of each NG2 cell soma based on EGFP
fluorescence rather than nuclear counterstaining. A large percentage of
NG2 cells display a round or oblong-shaped soma (see Fig. 1G) in which
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the center is easily determined (see Fig. 1G, filled circles). In the few cells
exhibiting more complex shape (as in Fig. 1 I), the center was identified
based on its minimal distance from the perimeter of the soma (see Fig. 1 I,
filled circle).

The random distribution was obtained by generating virtual cells with
random X–Y–Z coordinates in a 200 	 200 	 50 �m space. The density
of virtual cells in this space was equal to the average density measured
from all analyzed z-sections. The three-dimensional coordinates of each
cell were exported to Excel (Microsoft), and the euclidian distance be-
tween each NG2 � cell and each neuron in the experimental or simulated
z-stack was calculated by using a custom macro. Only the shortest dis-
tance calculated (distance to the closest neuron) was kept for each ob-
served or virtually generated NG2 � cell to construct the observed and
expected cumulative distribution shown in Figure 1 M.

Statistical analysis
Most of the statistical analysis was performed with the Mann–Whitney U
test, as mentioned in the text. The cumulative probability distribution of
observed distance between NG2 � cells and the closest neurons were
compared with the expected random distribution by using a Kolmogor-
ov–Smirnov test. Coefficient of correlation between parameters was cal-
culated using Pearson’s product-moment correlation test.

Results
NG2 � cells tend to be associated with interneurons in the
hilus of the dentate gyrus
In brain tissue sections of CNP-EGFP mice, NG2� progenitors
can easily be identified in the dentate gyrus based on their higher
EGFP expression levels and stellate morphology (Fig. 1A–C)
(Bergles et al., 2000). Indeed, virtually all the strongly positive
EGFP-expressing cells were also stained for the proteoglycan
NG2 during the postnatal (P3–P21) time window of our study. In
the dentate gyrus of 14-d-old animals, we observed far less
NG2�EGFP� cells located in the granule cell layer than in the
hilus or the molecular layer (Fig. 1A–C), suggesting that NG2�

cells are more frequently associated with hilar interneurons than
granule cells. Consistent with this hypothesis, NG2�EGFP� cell
bodies and processes were frequently found in close apposition to
neuronal dendrites and cell bodies of hilar neurons (Fig. 1D–G).
To determine whether this distribution reflected a preferential
cellular association between hilar NG2� cells and neurons, we
compared the spatial distribution of NG2� cells and neurons in
the hilus with a random distribution of cells at the same density.
First, we measured the average density of NG2� cells (24.7 
 3.1
cell per 10 6 �m 3; three brains; n � 521 cells) and neurons (47.8 

3.7; three brains; n � 1008 cells) (Fig. 1L). In the hilus, the aver-
age distance of an NG2� cell to its closest neuron was 14.9 
 6.7
�m (average 
 SD; n � 295 cells). The distribution of these
distances differed significantly (Kolmogorov–Smirnov test, D �
0.21; p � 0.001) from a random distribution (17.4 
 7.2 �m;
distribution based on n � 5000 simulated cells) (Fig. 1M).

In the hilus, a fraction of the neurons in contact with NG2�

cells expressed low levels of EGFP (Fig. 1G, white arrow), a prop-
erty restricted to a subpopulation of somatostatin-positive (70%)
(supplemental Fig. 1, available at www.jneurosci.org as supple-
mental material) and parvalbumin-positive (30%) GABAergic
interneurons in the mouse hilus [quantification obtained from
Aguirre et al. (2004)]. Accordingly, all EGFP�NeuN� neurons
coexpressed glutamic acid decarboxylase (GAD65/67) (Fig. 1H–
K). However, hilar NG2� cells appeared as likely to be close to
CNP-EGFP� interneurons as to other hilar neurons, likely to
include hilar mossy cells. Indeed, the proportion of NG2� cells
whose closest neurons were either CNP-EGFP� (41%; n � 121
cells) or CNP-EGFP-negative (59%; n � 174 cells) was similar to
the relative frequency of each class of neurons in the hilus (43 and

57%, respectively). Moreover, the average NG2� cell–neuron
distances were similar for both EGFP� and EGFP-negative neu-
rons (14.8 
 6.8 and 15.0 
 6.7 �m, respectively). Therefore,
analysis of CNP-EGFP� GABAergic interneurons and their as-
sociated NG2� cells is likely to unravel specific physiological
interactions between these cells types that could be generalized to
all hilar neurons. Hereafter, we will refer to NG2� cells directly
apposed to CNP-EGFP� interneurons as satellite NG2� cells
(sNG2� cells).

sNG2 � cells receive functional glutamatergic inputs
Previous studies have shown that sNG2� glial cells can be con-
tacted by small, but fully functional glutamatergic synaptic ter-
minals in both gray matter (for a recent review, see Paukert and
Bergles, 2006) and white matter (Kukley et al., 2007; Ziskin et al.,
2007). Thus, we first investigated the presence of spontaneous
glutamatergic EPSCs (sEPSCs) in sNG2� cells by performing
whole-cell patch-clamp recordings in the presence of a GABAA

receptor (GABAAR) antagonist (picrotoxin; 100 �M) between 9
and 13 postnatal days. The phenotype of the recorded cells was
confirmed by their characteristic current–voltage (I–V) profile
(Fig. 2A,B), their hyperpolarized resting membrane potential
(�86 
 4 mV; n � 20), and by post hoc immunolabeling for the
proteoglycan NG2 (Fig. 2C) (n � 24). sEPSPs (current-clamp
mode) and/or currents (sEPSCs) (voltage-clamp mode) were
clearly observed in 70% of recorded sNG2� cells (n � 30 of 43)
(Fig. 2D). On average, sEPSPs exhibited a small amplitude of
0.9 
 0.2 mV (SEM), with a rapid rise time (Rt20 –90% � 0.5 
 0.2
ms) and decay time constants (3.1 
 0.6 ms; n � 5) (Fig. 2E). In
voltage-clamp mode, the average amplitude of sEPSCs was
�16.6 
 3.5 pA with a rapid rise time and decay time of 0.28 

0.04 and 1.20 
 0.11 ms, respectively (n � 14) (Fig. 2E). How-
ever, in cells exhibiting such sEPSCs, the average frequency re-
mained very low (0.16 
 0.04 Hz; n � 14), compared with
that measured in EGFP� GABAergic interneurons (5.6 
 2.4 Hz;
n � 20).

In sNG2� cells, bath application of cyclothiazide (CTZ) (100
�M), which specifically blocks desensitization in AMPA recep-
tors, increased the average amplitude of sEPSCs by 45 
 9% and
drastically slowed their decay time by 172 
 20% (n � 8) (Fig.
2F). The application of CTZ also induced a doubling of sEPSC
frequency, either because of a better detection of small sEPSCs
and/or to an increase in overall network activity. Interestingly,
sNG2� cells exhibiting spontaneous activity had a significantly
lower membrane resistance and higher membrane capacitance
(Rm � 285 
 232 M�; Cm � 32 
 9 pF; n � 30) compared with
nonsynaptically connected NG2� cells (Rm � 1100 
 705 M�;
Cm � 16 
 3 pF; n � 13) (Fig. 2G) (Mann–Whitney U test).
Because such a difference could reflect either the existence of two
distinct population of sNG2� cells or an ongoing maturation
process, we analyzed synaptic integration of sNG2� cells during
postnatal development on a broader timescale.

Hilar sNG2 � cells are progressively integrated into the
network during postnatal development and their inputs
exhibit functional maturation
To determine whether synaptic integration of sNG2� cells is de-
velopmentally regulated, we recorded hippocampal sNG2� cells
from 3 to 20 postnatal days. During this period, the fraction of
cells exhibiting sEPSC increased from 53% (P3–P6; n � 9 of 17)
to 90% (P14 –P20; n � 9 of 10) and was correlated with a signif-
icant decrease in the average membrane resistance from 2085 

582 M� (P3–P6) to 274 
 258 M� (P14 –P20) ( p � 0.0001,
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Mann–Whitney U test), and a significant increase in membrane
capacitance from 19.6 
 4.6 pF (P3–P5) to 26.5 
 3.6 pF (P14 –
P20) ( p � 0.01, Mann–Whitney U test). Therefore, the progres-
sive integration of sNG2� cells into the network is correlated
with the maturation of their membrane properties.

We also observed a progressive maturation of glutamatergic
synapses in sNG2� cells. As illustrated in Figure 3, the average
frequency of sEPSCs significantly increased from 0.07 
 0.02 Hz
(P3–P6; n � 9) to 0.13 
 0.04 Hz (P14 –P20; n � 9) ( p � 0.01,
Mann–Whitney U test) (Fig. 3B), and their average amplitude

Figure 1. A fraction of NG2 � cells are closely associated with CNP-EGFP � hilar interneurons. A–C, Single-plane confocal images showing the dentate gyrus of a P15 CNP-EGFP (B) transgenic
mouse immunostained for the proteoglycan NG2 (A). As shown on the merged image (C), virtually all the brighter EGFP � fluorescent cells coexpress the proteoglycan NG2 (filled arrowheads). D–G,
Single-plane confocal images showing the dentate gyrus of a P15 CNP-EGFP (E) transgenic mouse immunostained for the proteoglycan NG2 (D) and the neuronal marker NeuN (F ). As shown on the
merged image (G), NG2 �EGFP � cells are located close to both EGFP �NeuN � (filled arrowhead) and EGFP-negative NeuN � (open arrowhead) hilar neurons. The filled circles inside cell bodies
indicate the center of each cell, as used for cell– cell distance measurement. H–K, Single-plane confocal images showing the dentate gyrus of a P15 CNP-EGFP (I ) transgenic mouse immunostained
for GAD67 (H ) and the neuronal marker NeuN (J ). As shown on the merged image (K ), EGFP �NeuN � cells coexpress GAD67 (filled arrowhead) and can be found associated with brighter EGFP �

cells (black arrowhead), which are assumed to be NG2 � based on results shown in A–G. Scale bars, 20 �m. The filled circles inside cell bodies indicate the center of each cell, as used for cell– cell
distance measurement. L, Bar graphs showing the percentage (left y-axis) of total hilar cells (based on DAPI counterstaining) that are NG2 � progenitors, CNP-EGFP �NeuN � neurons, and
CNP-EGFP-negative NeuN � neurons and their corresponding density (right y-axis). Error bars indicate SEM. M, Cumulative plot showing the distribution of distances measured between 295 hilar
NG2 � cells and their closest neurons (black histogram), and the expected distribution of distances if cells were randomly distributed at the observed density (red trace).
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significantly increased from 12.6 
 3.7 pA (P3–P6) to 19.8 
 3.4
pA (P14 –P20) ( p � 0.05, Mann–Whitney U test) (Fig. 3C). Dur-
ing the same time period, we observed a significant decrease in
sEPSC 20 – 80% rise time from 0.34 
 0.05 ms (P3–P6) to 0.25 

0.06 ms (P14 –P20) ( p � 0.01, Mann–Whitney U test) (Fig. 3D)
and a significant decrease in sEPSC decay time constant from
1.46 
 0.16 ms (P3–P6) to 1.08 
 0.2 ms (P14 –P20) ( p � 0.01,
Mann–Whitney U test) (Fig. 3E). In conclusion, similar to neu-
rons (Takahashi, 2005), sNG2� cells exhibit evidence of matura-

tion of their glutamatergic synapses during the first 3 postnatal
weeks.

Hilar interneurons and their sNG2 � cells are similarly
integrated into the hippocampal network
To define the origin of glutamatergic inputs in hilar sNG2� cells
and EGFP� interneurons, we recorded responses to electrical
stimulation (100 �s duration; 10 –500 �A intensity) of the two
main populations of excitatory neurons known to contact hilar

Figure 2. A subpopulation of hilar sNG2 � cells receives a glutamatergic input and exhibits distinct membrane properties. A, B, Representative responses in voltage-clamp (A) and current-clamp
(B) mode of a sNG2 �EGFP � cell to voltage steps (A) (�100 to �10 mV; step size, 10 mV) and current injection (B) (�100 –350 pA; step size, 50 pA). C, Single-plane confocal merged image (left)
showing an example of a bright EGFP � cell expressing the proteoglycan NG2 (bottom right) and filled with biocytin (top right) during patch-clamp recording. Scale bar, 20 �m. D, Representative
examples of current-clamp (top traces) and voltage-clamp (Vh ��80 mV) (bottom traces) recordings from a sNG2 �EGFP � cell exhibiting spontaneous synaptic glutamatergic activity. E, Average
traces of sEPSPs (top trace) and sEPSCs (bottom trace) recorded from the cell shown in D. Average sEPSPs and sEPSCs exhibit a fast-rising phase (0.67 and 0.27 ms, respectively) and a decay time (2.79
and 0.79 ms, respectively) typical of synaptic events mediated by AMPA/kainate receptors. F, Average of sEPSCs recorded under control conditions (black trace) and in the presence of 100 �M CTZ
(gray trace). Sensitivity to CTZ indicates that these sEPSCs are mediated by AMPA receptors (Vh ��80 mV). G, Plots showing the individual membrane resistance (left plot) and capacitance (right
plot) values of NG2 � cells recorded between P9 and P13 in which no sEPSCs were observed (black circles, silent cells) and NG2 � cells exhibiting sEPSCs (white circles, active cells). Average values
(red circles) and SDs (red bars) are indicated for each cell population. All recordings were performed in the presence of 100 �M picrotoxin using a K-gluconate internal solution. ***p �0.001.
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neurons: dentate granule cells and CA3 pyramidal neurons
(Scharfman, 1994a,b). All recordings were performed in the pres-
ence of 100 �M picrotoxin to block GABAergic inhibitory
currents.

In an isolated dentate gyrus slice (see Materials and Methods),
stimulation of the granule cell layer evoked monosynaptic EPSCs
in sNG2� cells with an average amplitude of 62 
 8 pA (Vh �
�80 mV; n � 8) (Fig. 4B). The same stimulation protocol also
evoked a monosynaptic response in EGFP� interneurons, with
an average amplitude of 670 
 363 pA (Vh � �60 mV; n � 6)
(Fig. 4A). In both cell types, evoked responses were completely
blocked by the AMPA/kainate glutamate receptor (GluR) antag-
onist CNQX (50 �M) (data not shown) (n � 3).

It has been previously shown that the activation of group II
metabotropic glutamate receptors (mGluRs) strongly and selec-
tively depresses glutamate release from the mossy fibers of gran-
ule cells (Shigemoto et al., 1997). Indeed, application of 1 �M

DCG-IV, a group II mGluR agonist, strongly reduced evoked
EPSCs by 75 
 15% (SEM) in NG2� cells (n � 6) and by 88 


10% in hilar CNP-EGFP� interneurons (n � 4) (Fig. 4A,B).
Mossy fibers also exhibit a strong pair-pulse facilitation, both in
CA3 pyramidal neurons and in a subpopulation of interneurons
(Salin et al., 1996; Toth et al., 2000). When paired stimuli were
applied at minimal intensity with a 50 ms interstimulus interval,
the amplitude of the second response increased by 174 
 20% in
sNG2� cells (n � 4) and by 208 
 40% in EGFP� interneurons
(n � 4) (Fig. 4C,D). Therefore, both cell types are contacted by
mossy fiber synapses exhibiting similar paired-pulse facilitation.
Together, these results indicate that both hilar sNG2� cells and
EGFP� interneurons receive a synaptic input from mossy fiber
synapses, which exhibit similar pharmacological modulation and
short-term plasticity. However, the maximal synaptic response
was drastically smaller in sNG2� cells than in EGFP�

interneurons.
We then used whole hippocampal slices (see Materials and

Methods) to explore the possible existence of recurrent excitatory
synapses from CA3 pyramidal neurons onto hilar sNG2� cells
and EGFP� interneurons. Figure 4, E and F, shows examples of

Figure 3. Hilar sNG2 � cells are progressively integrated into the network during postnatal development and their inputs exhibit functional maturation. A, Examples of 15 individual EPSCs (gray
traces) and the corresponding averaged trace (red traces) recorded in three representative sNG2 � cells at P4 (left), P11 (middle), and P20 (right). B, Scatter plot of the sEPSC frequency ( y-axis) in
sNG2 � cells as a function of the age of the animal (x-axis) showing a positive correlation (linear regression; Pearson’s product-moment correlation, r��0.44; p�0.01). C, Scatter plot of the sEPSC
average amplitude ( y-axis) in sNG2 � cells as a function of the age of the animal (x-axis) showing a positive correlation (linear regression; Pearson’s product-moment correlation, r � 0.55; p �
0.01). D, Scatter plot of the sEPSC 20 – 80% rise time ( y-axis) in sNG2 � cells as a function of the age of the animal (x-axis) showing a negative correlation (linear regression; Pearson’s
product-moment correlation, r � �0.43; p � 0.01). E, Scatter plot of the sEPSC decay time constant ( y-axis) in sNG2 � cells as a function of the age of the animal (x-axis) showing a negative
correlation (linear regression; Pearson’s product-moment correlation, r � �0.65; p � 0.001). All recordings were performed in the presence of 100 �M CTZ using a K-gluconate internal solution.
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responses evoked in both cell types by stimulation of the CA3
pyramidal layer. In hilar interneurons (Fig. 4E), we observed an
initial large polysynaptic response with an average amplitude of
1280 
 590 pA, lasting up to 400 ms (n � 10). This main response

was usually followed by a burst of 3–20 recurrent events lasting up to
5 s. In sNG2� cells (Fig. 4F), the same protocol induced a burst of
EPSCs (range, 5–30 events) lasting from 500 ms to several seconds
and with a maximal amplitude of 105 
 17 pA (n � 8).

Figure 4. sNG2 � cells and EGFP � hilar interneurons receive glutamatergic inputs both from granule cells and CA3 pyramidal neurons. A, B, Evoked responses to granule cell layer stimulation
in a hilar EGFP � interneuron (A) (Vh ��60 mV) and its sNG2 � cell (B) (Vh ��80 mV) under control conditions (black trace) and in the presence of 1 �M DCG-IV (gray trace). Traces are averaged
from 25 consecutive responses recorded from the same cell in the voltage-clamp mode (stimulus: 100 �s, 200 �A). The significant reduction of the evoked response after application of DCG-IV
indicates that both cell types are contacted by mossy fiber synapses. Responses were evoked in an isolated dentate gyrus slice preparation. C, D, Facilitation of evoked responses by paired minimal
stimulation of the granule cell layer (interstimulus interval, 50 ms) in a hilar EGFP � interneuron (C) (Vh ��60 mV) and its sNG2 � cell (D) (Vh ��80 mV) (stimulus: 100 �s, 10 and 50 �A). The
traces are averaged from 25 consecutive responses recorded from the same cell in the voltage-clamp mode. E, F, Superposition of consecutive responses evoked by CA3 layer stimulation in a hilar
EGFP � interneuron (E) (Vh � �60 mV) and its sNG2 � cell (F ) (Vh � �80 mV) (stimulus: 100 �s, 200 �A). The right traces show examples of single responses evoked by CA3 layer stimulation
in both cell types. All recordings were performed in the presence of 100 �M CTZ and 100 �M picrotoxin using a K-gluconate internal solution. stim, Stimulus; Rec, recording.
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sNG2� cells also exhibited a slow inward current, not seen in
hilar interneurons, which rises as long as the EPSC bursts last and
decays with a monoexponential time constant between 2 and 10 s.
The putative nature and origin of this slow current will be con-
sidered in the next section (see below). In the absence of any
stimulation, spontaneous bursts of EPSCs occurred in both cell
types, and resembled bursts evoked by CA3 stimulation. Such
spontaneous bursts have been reported in the CA3 area when
hippocampal slices are disinhibited by the application of
GABAergic antagonists (Miles and Wong, 1987; Cohen et al.,
2006). Consistent with these previous findings, our recordings of
hilar interneurons and sNG2� cells revealed no bursts under
control conditions, but subsequent application of 100 �M picro-
toxin induced bursts in most cells after 10 min (data not shown)
(n � 4 of 5). In contrast, application of 100 �M picrotoxin failed
to induce any bursts when the CA3 area was removed from the
slice (data not shown) (n � 8).

Finally, when we stimulated the granule cell layer in whole
hippocampal slices, the expected monosynaptic response in
sNG2� cells was usually followed by a burst of EPSCs after a delay
of 40–60 ms (supplemental Fig. 2, available at www.jneurosci.
org as supplemental material) (n � 4). Together, these results
demonstrate that hilar sNG2� cells are contacted by both mossy
fibers and CA3 pyramidal neurons.

sNG2 � cells do not receive synaptic contacts from closely
associated interneurons
We performed whole-cell patch-clamp paired recordings on
pairs of closely associated hilar interneurons and sNG2 � cells
to determine whether they were directly connected (Fig. 5).
NG2 � cells were recorded at a holding potential of 0 mV using
a cesium-methanesulfonate internal solution with ECl � �80
mV (see Materials and Methods). As shown in Figure 5A,
spontaneous GABAergic IPSCs are clearly detectable in
sNG2 � cells under these recording conditions. In 23 pairs
recorded, we were unable to evoke any IPSCs in sNG2 � cells
by stimulating their associated interneurons (Fig. 5D) (100 –
200 trials per neuron; current injected, 50 –200 pA, 600 ms, 1
Hz). We therefore concluded that few if any GABAergic syn-
apses are formed by EGFP � interneurons directly onto their
sNG2 � cells. However, these results do not exclude the possi-
bility that EGFP � interneurons contact NG2 � cells that are
not anatomically associated.

We also explored the possibility of a direct neuron–sNG2�

cell connection via gap junction coupling, but never detected
depolarization of the sNG2� cells when interneurons were depo-
larized, or vice versa (n � 11). In this experiment, both cells were
recorded in current-clamp mode using a K-gluconate internal
solution. Neurons were depolarized to obtain a maximum firing
rate (current injected, 50 –200 pA, 100 –200 sweep, 600 ms step, 1
Hz) and NG2� cells were depolarized up to 0 mV (100 –200
sweep, 20 –1000 pA, 600 ms step, 1 Hz). Additionally, we ob-
served no diffusion of biocytin or tetramethylrhodamine dextran
from one cell to the other (Fig. 5B). Therefore, sNG2� cells and
EGFP� interneurons are unlikely to be connected by gap junc-
tions. Finally, we investigated whether EGFP� interneurons
might communicate with sNG2� cells via tonic release of GABA.
However, in all sNG2� cells tested (data not shown) (n � 5), no
change was observed in the holding current when 3 �M gabazine
was applied.

Hilar interneurons and sNG2 � cells exhibit synchronized
activity in disinhibited slices
Because both hilar interneurons and sNG2� cells exhibit spon-
taneous bursts of glutamatergic activity in the presence of

Figure 5. sNG2 � cells are not directly contacted by associated hilar interneurons. A, Exam-
ple of spontaneous GABAergic IPSCs recorded in a sNG2 � cell (top traces) and blocked by 1 �M

gabazine (bottom traces). GABAergic activity was recorded using a Cs-methanesulfonate solu-
tion (Vh �0 mV; estimated ECl ��80 mV). B–D, Confocal images showing a hilar interneuron
(red) and its sNG2 � cell (green) filled with biocytin (red in B and gray in C) and tetramethyl-
rhodamine dextran (green in B and gray in D), respectively. Scale bar, 20 �m. E, Example of a
hilar interneuron (top trace) recorded in current clamp and its sNG2 � cell (bottom trace) re-
corded in voltage clamp. The injection of a current step in the interneuron (200 pA; 600 ms)
evoked a volley of action potentials, but did not evoke any response in the sNG2 � cell. The hilar
neuron was recorded in K �-gluconate internal solution, whereas the sNG2 � cell was recorded
in Cs-methanesulfonate solution and voltage clamped at 0 mV (ECl � �80 mV). Our ability to
detect GABAergic activity is demonstrated by the occurrence of spontaneous GABAergic IPSCs in
some sNG2 � cells recorded under the same conditions.
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GABAAR antagonists, we asked whether this activity was syn-
chronized. In whole hippocampal slices, and in the presence of
100 �M picrotoxin, we observed that bursts induced in hilar
EGFP� interneurons and sNG2� cells occurred simultaneously
in all the pairs in which burst activity was observed (15 of 17
pairs) (Fig. 6A; supplemental Figs. 3, 4, available at www.
jneurosci.org as supplemental material). Most sNG2� cells ex-
hibited both a burst of EPSCs and a slow inward current synchro-
nized with bursts of EPSCs in interneurons (n � 11 of 15). Time
correlation was typically evident within each burst. Both the ini-
tial EPSC discharge (Fig. 6B, solid line) and most recurrent
EPSCs (Fig. 6B, dotted lines) were synchronized in sNG2� cells
and hilar interneurons (Fig. 6B). As illustrated in Figure 6C for
one of the pairs analyzed, cross-correlation analysis showed that
most recurrent EPSCs are synchronized within a time window of
5 ms (81 
 7%; n � 4 pairs; total of 216 EPSCs analyzed). A
correlation was also observed between the amplitudes of each
recurrent EPSC (for an example, see Fig. 6D) (r � 0.57 
 0.13;
p � 0.0001; n � 4 pairs; total of 216 EPSCs analyzed). Therefore,
during periods of intense network activity, sNG2� cells exhibit a
synchronized and proportional form of the activity arising in
their associated interneurons.

Nonsynaptically connected NG2� cells (4 of 15) also exhib-

ited a synchronized slow inward current in the absence of any
EPSCs, suggesting that such currents do not depend on the syn-
aptic release of glutamate. Indeed, these slow currents were in-
sensitive to NMDA-type GluR antagonist APV and to metabo-
tropic GluR group I/II and group III antagonists (S)-MCPG
[(S)-�-methyl-4-carboxyphenylglycine] and MSPG [(R,S)-�-2-
methyl-4-sulfonophenylglycine] (data not shown) (n � 3). How-
ever, slight depolarization of NG2� cells completely abolished
the slow current at �50 mV, which did not reverse at more de-
polarized potentials (data not shown) (n � 3). Finally, these slow
currents could be suppressed by the use of an internal solution
containing Cs�, known to block potassium channels (supple-
mental Fig. 4, available at www.jneurosci.org as supplemental
material). Together, these results suggest that the slow current is
mediated by potassium channels that remain open at a hyperpo-
larized membrane potential. We hypothesize that this current
might result from a transient modification of the K� reversal
potential caused by the release of large amounts of K� into the
extracellular medium by CA3 recurrent fibers firing synchro-
nously, as described during epileptic activity (Avoli et al., 1996).
Similar slow currents have been described in hippocampal astro-
cytes in response to Schaffer collateral stimulation, and have also

Figure 6. CA3 spontaneous bursts are synchronized between hilar interneurons and sNG2 � cells. A, Example of synchronized bursts observed in a hilar interneuron (Vh ��60 mV) (top trace)
and its sNG2 � cell (Vh ��80 mV) (bottom trace) recorded in a whole hippocampal slice preparation in the presence of 100 �M picrotoxin. The black bar indicates the interval of the trace in A that
is magnified in B. B, Example of synchronized recurrent EPSCs observed within each burst in a hilar interneuron (top trace) and its sNG2 � cell (bottom trace). The dotted lines indicate recurrent
EPSCs, which are usually observed after the initial discharge of EPSCs indicated by a solid line. C, Cross-correlation histogram shows the high degree of temporal correlation of recurrent EPSCs
occurring in the interneuron and sNG2 � cell shown in A and B. A total of 57 recurrent events from 14 synchronized bursts were analyzed. Initial discharges were excluded from the analysis. Bin width,
5 ms. D, Scatter plot of the amplitudes of the recurrent EPSCs in the interneuron recorded in A and B (x-axis) against the amplitudes of the corresponding EPSCs in the associated sNG2 � cell ( y-axis).
EPSCs amplitudes in the interneuron and in the sNG2 � cell exhibit a positive correlation (gray linear regression; Pearson’s product-moment correlation, r � 0.71; p � 0.0001; 57 synchronized
events analyzed) and fit a linear relationship obtained by linear regression. As in C, a total of 57 recurrent events from 14 synchronized bursts were analyzed. Initial discharges were excluded from
the analysis.
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been associated with an increase in extracellular potassium
(Bergles and Jahr, 1997).

Hilar interneurons and sNG2 � cells receive synaptic contacts
from the same neurons
The experiments described above demonstrate that activity of
hilar EGFP� interneurons and sNG2� cells can be synchronized
when a large group of presynaptic neurons are synchronized in
disinhibited slices (i.e., in a frequently used model of epileptic
activity). Nevertheless, we wanted to explore whether hilar inter-
neurons and sNG2� cells could also be synchronized under more
normal physiological conditions (i.e., in the absence of GABAer-
gic antagonist).

Oscillations in the gamma and theta frequency characterize
the activity of the hippocampus in vivo and can be reliably in-
duced in vitro by the application of cholinergic agonists, such as
carbachol (Fischer, 2004). In vitro, such oscillations depend on
the synchronization of CA3 pyramidal neurons and are thought
to spread to the dentate gyrus via CA3 recurrent fibers (Fischer,
2004; Scharfman, 2007). Indeed, when we bath-applied 20 �M

carbachol to a whole hippocampal slice, we observed a strong
increase in sEPSC frequency in EGFP� hilar interneurons, which
correlated with the emergence of theta oscillations in the CA3c
area (frequency, 10.1 
 0.8 Hz; n � 5) (supplemental Fig. 5,
available at www.jneurosci.org as supplemental material). Im-
portantly, this increase in sEPSC frequency was reversed by the
application of TTX (n � 3) (supplemental Fig. 5, available at
www.jneurosci.org as supplemental material), demonstrating
that this effect depended on the network itself, rather than on
direct activation of presynaptic nicotinic or metabotropic acetyl-
choline receptors. Moreover, isolating the dentate gyrus from the
CA3 area did not significantly increase the sEPSC frequency in
hilar interneurons on carbachol application (n � 3) (supplemen-
tal Fig. 5, available at www.jneurosci.org as supplemental mate-
rial), which suggested that the cholinergic agonist specifically in-
creased sEPSC frequency from CA3 pyramidal neurons.

When we recorded hilar EGFP� interneuron/sNG2� cell
pairs in the presence of 20 �M carbachol, a parallel increase in
sEPSC frequency was observed in both cells (Fig. 7A). The aver-
age EPSC frequency increased by 430 
 152% in sNG2� cells
(from 0.15 to 0.65 Hz; n � 19) and by 490 
 290% in hilar
interneurons (from 5.3 to 26 Hz; n � 19). However, the ampli-
tude distribution of sEPSCs was unaffected by carbachol both in
interneurons (Fig. 7B) and in sNG2� cells (Fig. 7C), suggesting
that most carbachol-induced sEPSCs did not arise from synchro-
nized firing of several pyramidal neurons.

More importantly, we observed synchronized EPSCs between
closely associated pairs of cells (Fig. 7D). To confirm and quantify
the proportion of synchronized events, we plotted the delay be-
tween sEPSCs occurring in sNG2� cells and in associated inter-
neurons. As illustrated by the cross-correlogram in Figure 7E, the
pooled distribution of the delays obtained from eight pairs
showed a clear peak around 0 ms. On average, 14% of the inter-
event intervals were above the noise level (chance correlation)
and within a time window of 
1 ms (Fig. 7E). In contrast, when
we pooled recordings from pairs of cells separated by �200 �m,
the fraction of synchronized events represented 4% of sEPSCs
recorded from six cell pairs (Fig. 7F). We still observed a signifi-
cant difference ( p � 0.01, Mann–Whitney U test) between close
and distant pairs of cells when comparing the percentage of syn-
chronized events above the noise level in each individual pair of
cells (Fig. 7G).

Because the application of carbachol did not affect the sEPSC

amplitude distribution in either cell type, it seemed likely that
most synchronized sEPSCs were attributable to the firing of a
single presynaptic neuron that contacted both cells.

Hilar interneurons and their sNG2 � cells are activated by
distinct presynaptic contacts
To define whether the synchronous sEPSCs observed in the pres-
ence of carbachol could arise from a common active zone, we
recorded the miniature EPSC (mEPSC) activity in pairs of hilar
EGFP� interneurons/sNG2� cells. In the presence of TTX, the
frequency of mEPSCs in NG2� cells was usually too low to per-
mit any significant analysis. Therefore, we used a method initially
developed by Auger and Marty (1997) to induce repetitive release
of neurotransmitter from the same active zone by transiently
applying a low concentration of latrotoxin (0.1–1.0 nM) followed
by perfusion with a low calcium concentration solution (Auger
and Marty, 1997; Rigo et al., 2003). Figure 8 shows bursts of
mEPSCs induced by such a protocol in a hilar EGFP� interneu-
ron and its sNG2� cell. Under these experimental conditions, we
never observed any simultaneous bursts of mEPSCs in both cells
(Npair � 33). Moreover, cross-correlogram analysis demon-
strated an absence of nonrandom simultaneous mEPSCs be-
tween both cells (n � 8). These results demonstrate that sNG2�

cells and hilar interneurons are synchronously activated by the
release of glutamate from two distinct active zones, rather than by
a spillover mechanism. This observation is also consistent with
the finding that sEPSCs recorded in sNG2� cells exhibit fast rise
and decay time constants, incompatible with activation by spill-
over (Fig. 2E) (Paukert and Bergles, 2006).

Discussion
Close anatomical proximity of NG2� progenitor cells with prin-
cipal excitatory neurons has been described in various areas of the
nervous system, including cerebellum, cerebral cortex, and hip-
pocampus (Butt et al., 2005; Dayer et al., 2005; Lin et al., 2005). In
gray matter, NG2� processes are usually intertwined with neu-
ronal dendrites, whereas their somata are frequently apposed to
neuronal cell bodies. In the present study, NG2� cells were found
anatomically associated with interneurons in the hilus of the den-
tate gyrus. The use of the CNP-EGFP transgenic mouse allowed
us to perform paired recordings in hilar interneurons and their
sNG2� cells. We demonstrate that these sNG2� cells are inte-
grated into the local network much like their neuronal counter-
parts, and receive the same excitatory inputs from mossy fibers
and recurrent collaterals of CA3 pyramidal neurons. Finally, we
provide evidence that closely associated sNG2�/interneuron
pairs are more frequently contacted by the same neurons than are
spatially separated cells. Because of this common network inte-
gration, sNG2� cells have the ability to reflect, at lower ampli-
tude, the patterns of activity displayed by local interneurons.

Hilar sNG2 � cells can detect changes in the activity of the
local network
This study shows that most sNG2� cells associated with hilar
interneurons are synaptically connected during the first postnatal
weeks, as they acquire more mature membrane properties. Thus,
our analysis confirms the observation that most NG2� cells re-
ceive glutamatergic synaptic contacts postnatally, both in gray
matter and white matter areas (Bergles et al., 2000; Bergles, 2005;
Jabs et al., 2005; Lin et al., 2005; Kukley et al., 2007; Ziskin et al.,
2007). A recent study demonstrated that even NG2� cells newly
generated by symmetrical division inherit synapses from their
parent cell in the postnatal hippocampus (Kukley et al., 2008).
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Figure 7. sNG2 � cells and hilar interneurons are contacted by the same neuron. A, Example of spontaneous activity recorded in a hilar interneuron (Vh � �60 mV) (top trace) and its sNG2 �

cell (Vh ��80 mV) (bottom trace) using a specific cesium-methanesulfonate internal solution to isolate EPSCs while preserving GABAergic activity (ECl ��80 mV; Ecation �0 mV). The application
of 20 �M carbachol to the hippocampal slice strongly increases the spontaneous EPSC activity in both cells. B, C, Cumulative plots of the amplitudes of EPSCs observed in the absence (black) and
presence (gray) of 20 �M carbachol. EPSC amplitude distributions are not significantly affected by the application of carbachol, either in the interneuron (B) or in its sNG2 � cell (C). D, Example of
synchronized spontaneous activity recorded in the hilar interneuron (top trace) and sNG2 � cell (bottom trace) shown in A. The bottom traces show two examples of synchronized EPSCs. E,
Cross-correlation histogram shows that a significant fraction of EPSCs are synchronized between interneurons and their sNG2 � cells. The histograms are from data pooled from eight sNG2 �

cell–interneuron pairs. The gray box highlights events that are in a time window of 
1 ms and above the noise level (corresponding to random correlations). F, Cross-correlation histogram shows
that only a few EPSCs are synchronized when interneurons and sNG2 � cells are separated by �200 �m. The histograms show data pooled from seven sNG2 � cell–interneuron pairs. The gray box
highlights events that are in a time window of
1 ms and above the noise level (corresponding to random correlations). G, Plot of the percentage of synchronized events above the noise level in each
recorded cell pair showing a significant difference ( p � 0.01, Mann–Whitney U test) between pairs of anatomically associated cells (11.6 
 4.2%; n � 7) versus pairs of distant cells (3.8 
 1.8%;
n � 6).
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However, NG2� cells across various white and gray matter
regions differ in cell morphology (Dawson et al., 2003), physio-
logical properties (Chittajallu et al., 2004), and patterns of gene
expression (Gensert and Goldman, 2001). Moreover, distinct
NG2� cell subpopulations differ in terms of cellular fate.
Whereas NG2� cells generate oligodendrocytes in white matter
(Polito and Reynolds, 2005), the majority in gray matter regions
will remain quiescent, or have the potential to give rise to inter-
neurons in the hippocampus (Belachew et al., 2003; Aguirre et al.,

2004) and in the adult cortex (Dayer et al., 2005). Therefore,
synaptic integration appears to be a general feature of NG2�

cells, independent of their physiological properties or their cell
fate.

Our data show that hilar sNG2� cells are synaptically inte-
grated in such a way that their activity reflects that of local neu-
rons. Indeed, we observed very distinctive patterns of activity
under basal unstimulated conditions, during picrotoxin-induced
epileptic-like activity, and during carbachol-induced gamma os-
cillations. Therefore, even if most NG2� cells are contacted by
glutamatergic synapses, their pattern of activity will mostly de-
pend on the activity of the local network. It could be hypothesized
that this activity may inform NG2� cells on their precise location
in the brain, or the degree of maturity of the surrounding synaptic
network and its current state of activity (oscillations, epileptic
activity, etc.). Thus, such differences should be taken into ac-
count when analyzing the influence of glutamatergic activity on
NG2� cells in distinct brain regions.

Hilar sNG2 � cells and inhibitory interneurons can be
contacted by the same neurons and exhibit similar patterns of
activity
The present study shows that hilar sNG2� cells and interneurons
receive inputs from the same neuronal population (i.e., dentate
gyrus granule cells and CA3 pyramidal neurons). Through this
shared connectivity, sNG2� cells partially reflect the activity aris-
ing in adjacent interneurons. However, glutamatergic activity in
sNG2� cells represents only a small fraction of the activity ob-
served in interneurons. For example, the amplitudes of the recur-
rent glutamatergic activity during a CA3 burst are on average
15-fold smaller in sNG2� cells than in their associated interneu-
rons. Therefore, even large CA3 bursts induce only small depo-
larizing potentials (�5 mV) in sNG2� cells, supporting the hy-
pothesis that glutamatergic inputs might influence sNG2� cells
through mechanisms other than simple membrane depolariza-
tion (Lin et al., 2005). For example, it has been shown that gluta-
matergic inputs induce calcium entry into hippocampal NG2�

cells via Ca 2�-permeable AMPARs (Bergles et al., 2000; Lin et al.,
2005; Ge et al., 2006). To confirm the presence of Ca 2�-
permeable AMPARs in hilar sNG2� cells, we analyzed the cur-
rent–voltage relationship of responses evoked in sNG2� cells by
electrical stimulation of the granule cell and CA3 pyramidal cell
layers. In the presence of 30 �M intracellular spermine, we ob-
served a slightly rectifying I–V relationship, indicating the pres-
ence of a similar proportion of Ca 2�-permeable AMPARs in syn-
apses formed by mossy fibers and CA3 recurrent fibers
(supplemental Fig. 6, available at www.jneurosci.org as supple-
mental material).

The present study provides evidence that closely associated
hilar sNG2� cells and interneurons are frequently connected to
the same presynaptic neurons. However, we never observed any
synchronized events when we recorded mEPSC activity from hi-
lar sNG2� cells and their associated interneurons, even in the
presence of latrotoxin, demonstrating that synchronized sEPSCs
are elicited by glutamate release from distinct active zones. These
results agree with electron-microscopic observations showing
that a single presynaptic bouton in the hippocampus can contact
both an NG2� cell and a neuron via two distinct active zones
(Bergles et al., 2000).

More importantly, the degree of synchronization of sNG2�

cells and interneurons is dependent on their relative distance.
These shared connections are likely to allow sNG2� cells to react

Figure 8. sNG2 � cells and hilar interneurons do not respond to the same excitatory syn-
apses, despite their close spatial association. A, Example of mEPSC activity recorded in a hilar
EGFP � interneuron (top panel; top trace) and its sNG2 � cell (top panel; bottom trace) in the
presence of 1 �M TTX. By applying 0.3 nM latrotoxin for 5 min and then switching to a 0.5 mM

Ca 2� solution, we were able to induce bursts of mEPSCs both in the interneuron (b1) (bottom
panel; top trace) and in its sNG2 � cell (b2) (bottom panel; bottom trace). B, Cross-correlation
histogram shows the absence of nonrandom synchronized mEPSCs in closely associated pairs of
EGFP � interneurons and sNG2 � cells. The histogram shows data pooled from eight NG2 �

cell–interneuron pairs. All recordings were performed in the presence of 100 �M picrotoxin
using a cesium-methanesulfonate internal solution.
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to changes in activity arising specifically in their associated
interneurons.

Does glutamatergic activity in sNG2 � cells influence
their fate?
Recent studies have shown that sNG2� cells purified from early
postnatal brain can give rise to neurons in vitro (Kondo and Raff,
2000; Belachew et al., 2003) and in vivo (Shihabuddin et al., 2000;
Aguirre et al., 2004; Dayer et al., 2005). It has been suggested that
NG2� cells give rise to specific subtypes of interneurons in the
postnatal hippocampus (Belachew et al., 2003; Aguirre et al.,
2004) and olfactory bulb (Aguirre and Gallo, 2004), and in the
adult cortex (Dayer et al., 2005). Approximately 30% of cortical
NG2� cells are able to elicit TTX-sensitive spikes, and 10% ex-
press the immature neuronal markers TuJ1 and HuC/D (Chitta-
jallu et al., 2004). We also observed that a significant fraction of
hippocampal sNG2� cells elicits TTX-sensitive single spikes in
response to depolarization (J.-M. Mangin, A. Kunze, and V.
Gallo, unpublished data). Repetitive firing of action potentials
have even been recently reported in synaptically connected
NG2� cells recorded from the rat cerebellar white matter (Kára-
dóttir et al., 2008). Therefore, a fraction of the synaptically con-
nected sNG2� cells might represent “prewired” neuronal precur-
sors that, under appropriate conditions, could differentiate into
inhibitory interneurons.

We observed that the percentage of total hilar sNG2� cells
that are spiking tends to decrease during the second postnatal
week, whereas the density of their synaptic inputs increases. A
similar negative correlation between spiking properties and syn-
aptic activity has been reported in the cortex during this develop-
mental time period (Chittajallu et al., 2004). Furthermore, syn-
aptically active NG2� cells tend to exhibit a hyperpolarized
resting membrane potential (�84 
 8 mV; n � 42) and a low
membrane resistance (290 
 230 M�), suggesting that most of
these cells are not immediately destined for a neuronal fate. This
discrepancy might be explained by our previous observation that
NG2� cells downregulate EGFP and NG2 expression as they dif-
ferentiate into interneurons (Belachew et al., 2003). Therefore,
we may have excluded NG2� cells that exhibit more mature neu-
ronal properties by limiting our recordings to cells expressing
higher levels of EGFP and NG2.

Conclusion and implications
Our study demonstrates by paired recording analysis that a pop-
ulation of hippocampal NG2� progenitors is integrated into the
local neuronal network and can respond to different patterns of
neuronal activity. Based on their similar network integration,
hippocampal sNG2� cells and inhibitory interneurons receive
information about the excitation level of the local circuit with
comparable spatiotemporal patterns. Several studies have shown
that interneurons in the hilar region play a key role in regulating
the local network activity by forming feedforward and feedback-
ward circuits (Scharfman, 1994a; Freund and Buzsáki, 1996).
Hence, the loss of hilar interneurons has been associated with
distinct epileptic disorders and directly linked to local hyperex-
citability (Obenaus et al., 1993; Houser and Esclapez, 1996; Buck-
master and Jongen-Relo, 1999; Ratzliff et al., 2004). It could be
speculated that, under pathological conditions that cause local
hyperexcitability, synaptically connected sNG2� cells ensure ap-
propriate network function. This might occur either by modulat-
ing neuronal activity or by generating new interneurons to opti-
mize local inhibition. Future studies will investigate the role of

functional integration of sNG2� cells into the neuronal network
in CNS pathology and repair.
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Steinhäuser C (2005) Synaptic transmission onto hippocampal glial
cells with hGFAP promoter activity. J Cell Sci 118:3791–3803.
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